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I. INTRODUCTION
Pixel detectors typically display pixel-to-pixel gain variation
of a few percent which result in reduced spectroscopic perfor-
mance [1]. Integrating pixel detectors provide spectroscopic
information directly, while photon counting detectors through
threshold scans. Gain maps are used to rectify pixel-to-pixel
gain variation.
Ideally, the pixel gain is calibrated with monochromatic
radiation (e.g., from a synchrotron or free electron laser
beamline, or laboratory x-ray sources with monochromators).
However, beam time is usually valuable, and monochromatic
sources are not always available [2], while x-ray tubes and
radioactive sources produce complex spectra.
For calibration of ePix100a cameras, we used a Mo x-ray
tube with Zr and Al filters (to optimize the Mo Kα line) and
acquired limited statistics (50 to 250 photons), sampled from
a complex spectrum (where accurate fitting of a peak with
charge sharing would require ≈1000 photons per pixel [3]).
We have developed a calibration method which relies on
cross-correlating histograms of many pixel pairs and obtaining
large sets of relative shifts. These were subsequently used to
calculate absolute pixel shifts and corresponding pixel gains.
We demonstrate that this method yields stable gain cali-
bration maps with an order of magnitude less statistics than
required by typical approaches. Finally, we demonstrate the
accuracy of the method by comparing with gain maps ob-
tained with good statistics and monochromatic radiation at a
synchrotron beamline.
The robust gain calibration method presented here can
be used for any pixel detector with minimal effort and as-
sumptions on calibration spectrum. It is particularly useful
when the quantity and/or quality of calibration data is limited
and repeated measurements could be difficult (e.g., previous
experiments at synchrotron or free electron laser sources,
FEL).
II. METHODS
We used an x-ray tube with Mo anode and Zr and Al filters
to emphasize the Mo Kα peak [3]. We acquired two data
sets of ≈33 000 frames each, with the x-ray tube operated
at 45 kV and 50 kV, respectively. We collected histograms of
“single pixel events” for each pixel (i.e., all 8 neighboring
pixels within noise, ≤ 4σ), yielding an average of 240 photons
per pixel. Fig. 1(a) shows an example of pixel spectrum with
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Fig. 1. Determining peak positions in statistics limited spectra is nontrivial;
(a) shows a spectrum collected by one pixel; the spectrum displays significant
charge sharing, a low energy shoulder, and limited statistics (on average,
240 photons per pixel near the Mo Kα peak); (b) calculating the cross
correlation of two pixel spectra and finding the maximum value yields the
most likely shift between the two pixel spectra (indicated by the red circle).
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Fig. 2. The shift matrix contains relative delays for all possible pairs of
pixels; individual delays could be noisy, however, averaging large numbers
yields good shift estimates; we show the shift matrix for pixels in one column.
limited statistics. The peak position obtained through fitting
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Fig. 3. Converting pixel shifts to gains yields a robust detector gain map,
despite limited statistics and spectrum quality; in this ePix100a camera,
99.2% of the pixels have a relative gain in the 0.95 to 1.05 range.
or centroiding is relatively noisy [3].
A change in pixel gain results in an apparent shift of
(calibration) peak position. While determining the peak shift
is nontrivial with limited statistics, we developed a robust
approach for spectra with a sharp transition (i.e., from a quasi-
monochromatic source and/or an absorption edge filter). For
each pair of pixel spectra we estimate the relative peak shift by
calculating the cross correlation, finding its maximum value
and corresponding delay as in Fig. 1(b). This delay is the
relative shift of the two pixel spectra.
The relative shift pairs are saved in a “shift matrix” of size
N×N (with N the number of pixels), see Fig. 2. With limited
statistics, relative shifts of individual pairs could be imprecise,
however, the column average of the shift matrix yields a robust
and accurate estimate of the absolute pixel shift1.
The algorithm complexity is O(N2); for large numbers of
pixels we can optimize the run time by dividing the problem
and calculating (1) shifts for pixels within each column, and
(2) shifts of individual columns; their sum yields the absolute
pixel i shift δi and the pixel gain as gi = 1 + δi/E0 where
E0 is the peak position.
III. RESULTS
Fig. 3 shows the robust gain map obtained for an ePix100a
camera, showing good uniformity (99.2% of the pixel gains
in the 0.95 to 1.05 range). Fig. 4 shows the aggregated
spectrum of all pixels, either raw (thin red line) or after gain
calibration (thick black line). The spectroscopic performance
is significantly improved by using a gain map [4], [5].
To test the robustness of this method, we applied it to two
independent data sets obtained in different conditions. The re-
sults are shown in Fig. 5, with each black point indicating two
independent gain estimations of one pixel. A linear regression
yields a slope a = 1.000 ± 3× 10−6, with R2 = 0.987 and
residual gain noise 0.16%. This corresponds to an error due to
gain calibration of 0.51 adu at the Mo Kα peak, demonstrating
good repeatability of the robust gain calibration with different
1Demonstration omitted for brevity.
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Fig. 4. Spectrum integrated over all pixels; the thin red line shows the raw
spectrum and the thick black line shows the spectrum after gain calibration;
the spectroscopic performance improves significantly by using a gain map.
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Fig. 5. Comparing gain maps obtained from two independent, statistics
limited measurements; each black dot corresponds to one pixel with the two
coordinates representing the two independent gains; the red line is a linear
fit with a slope of 1.000 ± 3× 10−6, a R2 = 0.987 and residual gain
noise 0.16% for the complete data set (240 photons). The inset shows the
gain noise dependence on statistics; even for a reduced set with 60 photons
per pixel, the gain noise is low (0.34%).
statistics limited data sets. Finally, reducing the calibration
data from 240 to 60 photons per pixel results in a relatively
small increase of gain noise to 0.34%.
IV. CONCLUSION
We presented a robust pixel gain calibration, demonstrating
good performance and reproducibility with limited spectrum
quality and statistics (an order of magnitude less than required
by other methods). This method is relatively fast, with a
Python program calibrating 0.5 megapixel ePix100a cameras
in about 16min on a laptop with 2.9GHz CPU. It is also sim-
ple to implement, requiring minimal assumptions on spectrum
shape.
The robust gain calibration method could be particularly
useful when the quantity and/or quality of calibration data is
limited and repeated measurements could be difficult (e.g.,
previous experimental data at synchrotron or FEL sources).
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